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ABSTRACT
The strikingly anisotropic large-scale distribution of matter made of an extended network of
voids delimited by sheets, themselves segmented by filaments, within which matter flows to-
wards compact nodes where they intersect, imprints its geometry on the dynamics of cosmic
flows, ultimately shaping the distribution of galaxies and the redshift evolution of their prop-
erties. The (filament-type) saddle points of this cosmic web provide a local frame in which
to quantify the induced physical and morphological evolution of galaxies on large scales. The
properties of virtual galaxies within the HORIZON-AGN simulation are stacked in such a frame.
The iso-contours of the galactic number density, mass, specific star formation rate (sSFR),
kinematics and age are clearly aligned with the filament axis with steep gradients perpendicu-
lar to the filaments. A comparison to a simulation without feedback from active galactic nuclei
(AGN) illustrates its impact on quenching star formation of centrals away from the saddles.
The redshift evolution of the properties of galaxies and their age distribution are consistent
with the geometry of the bulk flow within that frame. They compare well with expectations
from constrained Gaussian random fields and the scaling with the mass of non-linearity, mod-
ulo the redshift dependent impact of feedback processes. Physical properties such as sSFR and
kinematics seem not to depend only on mean halo mass and density: the residuals trace the
geometry of the saddle, which could point to other environment-sensitive physical processes,
such as spin advection, and AGN feedback at high mass.
Key words: galaxies: formation — galaxies: evolution — galaxies: interactions — galaxies:
kinematics and dynamics — methods: numerical
1 INTRODUCTION
Galaxies form and evolve within a complex network, the so-
called cosmic web (Bond et al. 1996), made of filaments embedded
in sheet-like walls, surrounded by large voids and intersecting at
clusters of galaxies (Jo˜eveer et al. 1978). Do the properties of galax-
ies, such as their morphology, retain a memory of these large-scale
cosmic flows from which they emerge? The importance of interac-
tions with the larger scale environment in driving their evolution
has indeed recently emerged as central tenet of galaxy formation
theory. Galactic masses are highly dependent on their large-scale
surrounding, as elegantly explained by the theory of biased clus-
tering (Kaiser 1984; Efstathiou et al. 1988), such that high mass
objects preferentially form in over-dense environment near nodes
(Bond & Myers 1996; Pogosyan et al. 1996). Conversely, what are
the signatures of this environment away from the nodes of the cos-
mic web?
While galaxies grow in mass when forming stars from intense
gas inflows at high-redshift, they also acquire spin through tidal
torques and mergers biased by these anisotropic larger scales (e.g.
Aubert et al. 2004; Peirani et al. 2004; Navarro et al. 2004; Arago´n-
Calvo et al. 2007; Codis et al. 2012; Libeskind et al. 2012; Stewart
et al. 2013; Trowland et al. 2013; Aragon-Calvo & Yang 2014, for
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Figure 1. The galaxy number counts in low (left), intermediate (middle) and high (right) stellar mass bins (see text for definition), as labeled (in square
brackets), at redshift zero in the frame of the closest saddle. The vertical axis corresponds to the distance from the saddle along the skeleton, while the
horizontal axis corresponds to the transverse direction to the skeleton. The upward direction is defined as the direction of the node with the highest density.
The white horizontal line represents the smoothing length used in the analysis. The sub-panels on the top and on the right of each panel show the marginalised
1D distributions of R and z, respectively. Note that the behaviour of the gradient of the number density of galaxies changes with stellar mass, noticeably in
high mass bin. As expected, high mass galaxies are more tightly clustered near the filament axis and near nodes (right panel) compared to their lower mass
counterparts (middle and left panels).
dark matter, and Pichon et al. 2011b; Dubois et al. 2014; Welker
et al. 2014, in hydrodynamical simulations). This should in turn
have a significant impact on galaxy properties including morphol-
ogy, colour and star formation history of galaxies.
As a filament is formally the field line that joins two maxima
of the density field through a filament-type saddle point1 (Pogosyan
et al. 2009), studying the expected properties of galaxies in the
vicinity of filament-type saddle points is a sensible choice. Indeed,
Tidal Torque Theory (Peebles 1969; Schaefer 2009) was recently
revisited (Codis et al. 2015b) in the context of such anisotropic en-
vironments, biased by the presence of a filament within a wall,
which is most efficiently represented by this point process of
filament-type saddles2. It predicts the alignment of the angular mo-
mentum distribution of the forming galaxies with the filament’s
direction, and perpendicular orientation for massive population.
Since spin plays an important role in the physical and morphologi-
cal properties of galaxies, a signature is also expected in the prop-
erties of galaxies as a function of the longitudinal and transverse
distance to this saddle.
Most of the previous theoretical work on the impact of the
anisotropy of the environment on galactic assembly history focused
on dark matter haloes. In the emerging picture of halo assembly
history, at a given mass, haloes that are sufficiently far from the
potential wells of other haloes can grow by accretion from their
neighbourhood, leading to a correlation between the accretion rate
1 where the gradient of the density field is null and the density Hessian has
two negative eigenvalues
2 The constrained misalignment between the tidal and the inertia tensors in
the vicinity of filament-type saddles simply explains the distribution of spin
directions and its mass dependent flip.
of haloes and the density of their environment (e.g. Zentner 2007).
Haloes that are close to more massive structures are on the other
hand expected to be stalled and their growth may stop earlier, as
their mass inflow is dynamically quenched by anisotropic tides gen-
erated in their vicinity (e.g. Dalal et al. 2008; Hahn et al. 2009;
Ludlow et al. 2014; Borzyszkowski et al. 2017; Paranjape et al.
2018a). Individual properties of dark matter haloes, such as their
mass, formation time or accretion, are thus expected to be affected
by the exact position of haloes within the large-scale anisotropic
cosmic web (e.g. Lazeyras et al. 2017). Such expectations are com-
plementary to the recent work of Musso et al. (2018) whose ana-
lytical prediction of the mass, accretion rate and formation time of
dark matter haloes near proto-filaments (identified as saddle points
of the gravitational potential field) confirms that the anisotropy of
the cosmic web is a significant ingredient to describe jointly the
dynamics and physics of haloes. Their model predicts that at fixed
mass, mass accretion rate and formation time of haloes also vary
with orientation and distance from the saddle.
Theoretical predictions on the impact of the anisotropic tides
of the cosmic web on the specific properties of galaxies embed-
ded in those haloes are hampered by the complexity of baryonic
processes and the lack of knowledge of detailed physics driving
them. Some attempts were recently made by Alam et al. (2018) and
Paranjape et al. (2018b) which compared the observed clustering
and quenching properties of galaxies in the Sloan Digital Sky Sur-
vey with corresponding measurements in mock galaxy catalogues.
These studies focused on whether the cosmic web leaves an im-
print on the galaxy clustering beyond the effects of halo mass, by
constructing mock catalogues using a halo occupation distribution
in such a way that dependencies of galaxy properties on the tidal
anisotropy and isotropic overdensity are driven by the underlying
MNRAS 000, 000–000 (0000)
Galaxies in the saddle frame of the cosmic web 3
halo mass function across the cosmic web alone. As such prescrip-
tion qualitatively reproduces the main observed trends, and quanti-
tatively matches many of the observed results, they concluded that
any additional direct effect of the large-scale tidal field on galaxy
formation must be extremely weak.
In this work, the adopted approach is different in that it focuses
directly on galaxies, their physical properties and redshift evolution
as measured in the large-scale cosmological hydrodynamical simu-
lation Horizon-AGN (Dubois et al. 2014, 2016). The main purpose
of this paper is to show how the 3D distribution of the physical
properties of these synthetic galaxies reflects the (tidal) impact of
the cosmic web on the assembly history of galaxies. It is partly mo-
tivated by recent studies carried in the VIPERS, GAMA and COS-
MOS surveys (Malavasi et al. 2017; Kraljic et al. 2018; Laigle et al.
2018) which showed that the colour and specific star formation rate
of galaxies are sensitive to their proximity to the cosmic web at
fixed stellar mass and local density. This paper focuses specifically
on the distribution of the galaxy properties stacked in the oriented
frame of the filament on large (∼ Mpc) scales. The natural choice
of frame for stacking is defined by filament-type saddle points con-
necting two nodes by one filament (in contrast to nodes which are
typically places where the connectivity of filaments is higher).
This paper is organised as follows. Section 2 shortly describes
the simulation and the detection of filaments within. Section 3
presents the galactic maps near the saddle, focusing first on the
transverse and longitudinal (azimuthally averaged) maps and then
their 3D counterparts, while Section 4 shows their redshift evolu-
tion. Section 5 relates our finding to the properties of weakly non-
Gaussian random fields near saddles. Some observational implica-
tions of our work together with the comparison with theoretical
predictions are discussed in Section 6. Section 7 wraps up.
Appendix A explores the robustness of our finding w.r.t. smoothing
and choice of filament tracer, Appendix B discusses the redshift
evolution of the geometry of filaments, Appendix C presents com-
plementary 2D maps, Appendix D quantifies the position-in-the-
saddle frame efficiency of AGN feedback. Appendix E sketches
the derivation of the theoretical results presented in the main text.
Appendix F presents the geometry of the bulk galactic velocity flow
in the frame of the saddle. Finally, Appendix G motivates statisti-
cally the mediation of mass and density maps over tides. Through-
out this paper, by log, we refer to the 10-based logarithm and we
loosely use logM as a short term for log(M/M) and logρ for
log(ρ/Mh−2Mpc3).
2 NUMERICAL METHODS
Let us briefly review the main numerical tools used in this work
to study the properties of virtual galaxies within the frame of the
saddle.
2.1 Hydrodynamical simulation
The details of the HORIZON-AGN simulation3 can be found
in Dubois et al. (2014), here, only brief description is provided.
The simulation is performed with the Adaptive Mesh Refinement
code RAMSES (Teyssier 2002) using a box size of 100h−1 Mpc
and adopting a ΛCDM cosmology with total matter density Ωm =
0.272, dark energy density ΩΛ = 0.728, baryon density Ωb =
3 see http://www.horizon-simulation.org
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Figure 2. Mean stellar mass in the frame of the closest saddle for the en-
tire galaxy population with masses in the range 109 to 1012M at redshift
zero. The white curves correspond to the contours of the galaxy number
counts, while the white crosses represent the peaks in galactic number den-
sity on axis. More massive galaxies are further away from the saddle (resp.
closer to the saddle) than the low mass population in longitudinal (resp.
transverse) direction.
0.045, amplitude of the matter power spectrum σ8 = 0.81, Hubble
constant H0 = 70.4 km s−1 Mpc−1, and ns = 0.967 compatible
with the WMAP-7 data (Komatsu 2011). The total volume con-
tains 10243 dark matter (DM) particles, corresponding to a dark
matter mass resolution of MDM,res = 8× 107 M. The initial gas
resolution is Mgas,res = 1 × 107 M. The refinement of the ini-
tially coarse 10243 grid down to ∆x = 1 proper kpc is triggered
in a quasi-Lagrangian manner: if the total baryonic mass reaches
8 times the initial dark matter mass resolution, or the number of
dark matter particles becomes greater than 8 in a cell, resulting in
a typical number of 7 × 109 gas resolution elements (leaf cells) at
redshift zero.
The gas heating from a uniform ultraviolet background that
takes place after redshift zreion = 10 is modelled following Haardt
& Madau (1996). Gas is allowed to cool down to 104 K through
H and He collisions with a contribution from metals (Sutherland &
Dopita 1993). Star formation follows a Schmidt relation in regions
of gas number density above n0 = 0.1 H cm−3: ρ˙∗ = ∗ρg/tff ,
where ρ˙∗ is the star formation rate mass density, ρg the gas mass
density, ∗ = 0.02 the constant star formation efficiency, and tff
the local free-fall time of the gas. Feedback from stellar winds, su-
pernovae type Ia and type II are included into the simulation with
mass, energy and metal release (see Kaviraj et al. 2017, for further
details).
The HORIZON-AGN simulation includes the formation of black
holes (BHs) that can grow by gas accretion at a Bondi-capped-at-
Eddington rate and coalesce when they form a tight enough binary.
Energy of BHs can be released in a heating or jet mode (respec-
tively “quasar” and “radio” mode) when the accretion rate is re-
spectively above and below one per cent of Eddington, with effi-
MNRAS 000, 000–000 (0000)
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ciencies tuned to match the BH-galaxy scaling relations at redshift
zero (see Dubois et al. 2012, for further details).
In order to assess the impact of Active Galactic Nuclei (AGN)
feedback on galaxy properties in the frame of saddle, this analy-
sis also relies on the HORIZON-NOAGN simulation, which was per-
formed with identical initial conditions and sub-grid modelling, but
without BH formation, thus without AGN feedback (Dubois et al.
2016; Peirani et al. 2017).
2.2 Galaxy properties
The identification of galaxies is performed using the most mas-
sive sub-node method (Tweed et al. 2009) of the AdaptaHOP halo
finder (Aubert et al. 2004) operating on the distribution of star parti-
cles with the same parameters as in Dubois et al. (2014). Only struc-
tures with a minimum ofNmin = 100 star particles are considered,
which typically selects objects with masses larger than 2×108 M.
For each redshift output analysed in this paper (0.05 < redshift
< 2) catalogues containing up to∼ 350 000 haloes and∼ 180 000
galaxies are produced.
For each galaxy, its V/σ, stellar rotation over dispersion, is
extracted from the 3D distribution of velocities. This is meant to
provide a kinematic proxy for morphology. The total angular mo-
mentum (spin) of stars is first computed in order to define a set
of cylindrical spatial coordinates (r, θ, z), with the z-axis oriented
along the spin of galaxy. The velocity of each individual star par-
ticle is decomposed into cylindrical components vr , vθ , vz , and
the rotational velocity of a galaxy is V = v¯θ , the mean of vθ
of individual stars. The average velocity dispersion of the galaxy
σ2 = (σ2r + σ
2
θ + σ
2
z)/3 is computed using the velocity dispersion
of each velocity component σr , σθ , σz .
2.3 Saddle frame identification
In order to quantify the position of galaxies relative to the cos-
mic web, a geometric three-dimensional ridge extractor called DIS-
PERSE 4 (Sousbie 2011; Sousbie et al. 2011) is run on the full vol-
ume gas density distribution over 5123 cells with a 3σ persistence
threshold. This density distribution is smoothed with a Gaussian
kernel with smoothing length of 0.8 comoving Mpc/h. The ori-
entation and distribution of galaxies can be measured relative to
the direction of the closest filament’s segment. In particular, the
code identifies saddle points along those filaments. This is a costly
method to identify saddle points, but it provides us with a local
preferred polarity in the frame of the density Hessian (positively
towards the larger of the two maxima). It was checked that the dis-
tributions presented below are relatively insensitive to the choice of
smoothing length (see Appendix A). It was also checked there that
these results do not show a strong dependence on the tracer (dark
matter or gas density) used to compute the skeleton.
3 SADDLE STACKS IN 2D AND 3D
With the aim of studying the geometry of the galaxy distribution
around filaments, stacking centred on the saddle points of filaments
is applied. When stacking, two different strategies are explored.
4 The code DISPERSE, which stands for Discrete-Persistent-Structure-
Extractor algorithm is publicly available at the following URL
http://www.iap.fr/users/sousbie/disperse/.
First, stacks are produced centred on the saddle, and physical prop-
erties of galaxies are binned as a function of transverse and longi-
tudinal distances away from the skeleton. These properties are also
stacked in 3D in the local frame set by the direction of the filament
at the saddle and the 2D inertia tensor in the plane perpendicular
to the filament. The former method avoids the flaring induced by
the drift of the curved filaments away from the saddle, only asso-
ciate one saddle to each galaxy and stacks azimuthally, while the
latter one allows us to probe the transverse anisotropic geometry of
filaments at the saddle.
3.1 Azimuthally averaged stellar mass and number density
Let us start by considering azimuthally averaged 2D maps in the
frame defined by the saddle and its steepest ascent direction, and
study the cross sections of galactic number density and stellar mass
in the vicinity of the saddle point. In order to infer the variation
of galaxy properties beyond its stellar mass, stellar mass will be
fixed by considering 3 bins, defined as low (9.06 logM? 6 9.05),
intermediate (9.696 logM? 6 9.75) and high (10.936 logM? 6
11.99) stellar mass bins. These bins correspond to the first, middle
and last 27-quantiles of the stellar mass distribution of all galaxies
at a given redshift above the stellar mass limit of 109 M. Each
of such constructed stellar mass bin contains ∼ 3500 galaxies. The
smoothing scale applied to the profiles is 0.4 Mpc/h5.
Figures 1 and 2 show the galactic number counts at low, inter-
mediate and high stellar mass, and mean stellar mass for all galax-
ies above the stellar mass limit, respectively, at redshift zero in the
frame of the saddle. In that frame, the vertical axis corresponds
to the distance from the saddle point along the skeleton, upwards
towards the densest node, while the horizontal axis corresponds to
the transverse direction. Note that the length of filaments is not con-
stant, however its distribution is quite narrow with median length
of ∼ 5.5 Mpc/h at redshift zero (see Appendix B, Figure B1). Iso-
contours clearly display a dependence both on the radial distance
from the saddle point and the orientation w.r.t. the filament’s direc-
tion. At fixed distance from the saddle point, the number of galaxies
is enhanced in the direction of the filament, i.e. they are more clus-
tered in the filaments than in the voids. The gradient of the number
density of galaxies is also found to change with stellar mass. The
high mass galaxies are more tightly clustered near the filament axis
and tend to be further away from saddles along the filament com-
pared to their low mass counterparts. Saddle points are, as expected,
local minima of both galaxy number counts and stellar mass in the
direction along the filament towards the nodes, and local maxima in
the perpendicular direction. Thus, galaxies in filaments tend to be
more massive than galaxies in voids and within filaments, while the
stellar mass of galaxies increases with increasing distance from the
saddle point in the direction toward nodes. This effect is stronger in
the direction perpendicular to the filament, where the relative varia-
tion of the mean stellar mass is about a factor of 2 higher compared
to that along the filament.
The mass gradients shown on Figure 2 can be qualitatively
understood within peak and excursion set theories (see Section 5
and Codis et al. 2015b; Musso et al. 2018).
5 Changing the smoothing scale used to produce the maps to 0.2 and 0.8
Mpc/h leads to qualitatively similar conclusions. The smoothing impacts
mostly the position of maxima in the transverse direction. At low values
these tend to be offset from the filament’s axis because of the smoothing of
the skeleton itself.
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Figure 3. 3D structure of the neighbourhood of filaments at redshift zero. The galaxy number counts in the frame of the saddle for masses in the range 109
to 1012M (left) are shown together with two 2D cross sections, longitudinal and transverse, of the filament at the saddle (right). The flattened flaring away
from the saddle reflects the co-planarity of filamentary bifurcation within the wall. The top-bottom asymmetry reflects the orientation of the skeleton.
3.2 3D stacks of stellar mass and number density
Let us now investigate the 3D structure of the neighbourhood of
filaments by stacking galaxies relative to a 3D-oriented local ref-
erence frame, with its origin defined by the position of the saddle
point and its axes defined as follows: the z-axis corresponds to the
direction of the filament at the saddle, and the x- and y-axes repre-
sent major and minor principal axes of the inertia tensor in the plane
perpendicular to the filament axis at the saddle point, respectively6.
In order to increase the signal-to-noise ratio, galaxies are
stacked by flipping them with respect to the filament axis to pro-
duce longitudinal cross sections, and with respect to both principal
axes of the inertia tensor in the case of transverse cross sections.
The 3D distribution of galaxies in such defined frame is shown
in Figure 3 (left panel) together with planes representing 2D cross
sections, longitudinal and transverse, as used in the analysis (right
panel). In practice, individual cross sections are obtained by pro-
jecting galaxies within ± 1 Mpc/h and ± 0.75 Mpc/h from the
plane passing through the saddle point for longitudinal and trans-
verse cross sections, respectively. Note the flaring near the nodes
which arises because the typical saddle is flattened (the two neg-
ative eigenvalues of the Hessian differ, while the corresponding
eigenvectors are aligned when stacking), and the Hessian remains
correlated away from the saddle. Correspondingly, the skeleton bi-
furcates within that plane (Pogosyan et al. 2009; Codis et al. 2018).
The top-bottom asymmetry reflects the fact that higher density con-
6 In practice, the 2D inertia tensor is computed by considering galaxies
within ± 1 (Mpc/h) around the saddle point and projected into the plane
perpendicular to the filament and passing through the saddle. Note that
changing the volume of the considered region within a factor of a few does
not have a strong impact on orientation.
tours are drawn near the more prominent peak (which is traced by
the orientation of the skeleton).
As in the case of azimuthally averaged cross sections, three
stellar mass bins are defined as low (9.0 6 logM? 6 9.05), in-
termediate (9.7 6 logM? 6 9.77) and high (10.96 6 logM? 6
11.99) stellar mass bins, containing ∼ 10 000 and ∼ 1000 galax-
ies, for longitudinal and transverse cross sections, respectively. The
upward direction along z-axis corresponds to the direction of the
node with highest density, and the smoothing scale applied to the
profiles is 0.4 Mpc/h, as previously.
The cross sections of galactic number counts, stellar mass,
specific star formation rate sSFR = SFR/M∗, where SFR is com-
puted over a timescale of 50 Myr, V/σ and age will be studied in
the vicinity of the saddle. Figures 4 and 5 show the galaxy number
counts in three different stellar mass bins, and mean stellar mass
for all galaxies above the stellar mass limit, respectively, at red-
shift zero in the longitudinal (top panels) and transverse (bottom
panels) planes in the frame of the saddle. Once again, iso-contours
clearly depend on both the radial distance from the saddle and the
orientation w.r.t. the filament’s direction. Galaxies are found to be
more clustered in filaments than in voids at all masses, i.e. at fixed
distance from the saddle point, the number of galaxies is enhanced
in the direction of the filament. What changes with stellar mass is
the behaviour of the gradients with the most massive galaxies be-
ing more tightly clustered near the filament axis compared to their
lower mass counterparts. As in the case of azimuthally averaged
cross sections, mass gradients seen in Figure 5 (left panels) can
be also understood in the context of constrained random field and
excursion set theory, as discussed in Section 5.
Interestingly, the distribution of most massive galaxies around
the saddle points in the transverse direction is axisymmetric up to
the distance of ∼ 1 Mpc/h, while the iso-contours of lower mass
MNRAS 000, 000–000 (0000)
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Figure 4. The galaxy number counts at redshift zero in the frame of the saddle for low (left), intermediate (middle) and high (right) stellar mass bins (see text
for definition), as labeled (in square brackets), in the longitudinal (top) and transverse (bottom) planes at the saddle. The vertical axis on top panels corresponds
to the direction of the skeleton at the saddle (upwards toward the node with the highest density), while the horizontal axis corresponds to the major principal
axis in the transverse direction. The sub-panels on the top and on the right of each panel show the marginalised 1D distributions along respective axes. The
white dashed contours represent the galaxy number counts with the horizontal axis corresponding to the minor principal axis in the transverse direction at the
saddle. The black crosses represent the peaks in galactic density on axis and the white horizontal line represents the smoothing length used in the analysis.
The projection is carried over ±1 Mpc/h for the longitudinal slice and ±0.75 Mpc/h away from the saddles transversally. The strength of the gradient of the
galaxy number density changes with stellar mass. As expected, the high mass galaxies are more tightly clustered near the filament axis and near nodes (right
panel) compared to their low mass counterparts (left and middle panels).
galaxies are more flattened (in the direction of x-axis correspond-
ing to the major axis of the inertia tensor in the transverse cross
section) and extended to larger distances from the saddle. This be-
haviour is a manifestation of the mass dependence of galaxy’s con-
nectivity: higher mass galaxies in denser environments are expected
to be fed by numerous filaments while lower mass galaxies are typ-
ically embedded in a single filament (Codis et al. 2018).
3.3 Longitudinal and transverse sSFR cross sections
Let us now focus on specific star formation rates. Figure 6 (top
row) shows the mean stellar mass-weighted sSFR at redshift zero
in HORIZON-AGN. Iso-contours display qualitatively similar be-
haviour in all stellar mass bins in the direction perpendicular to
the filament, for which the saddle point represents the maximum
of sSFR. In the direction along the filament, the behaviour is more
complex: at high stellar mass sSFR increases with increasing dis-
tance from the saddle towards the nodes, but while the maximum
of sSFR overlaps with the position of the low density node, it is
located closer to the saddle in the direction of the densest node,
as will be discussed below. The sSFR then decreases in this direc-
tion in the vicinity of the node and beyond. With decreasing stellar
mass, the maximum of sSFR moves closer to the saddle point, until
it overlaps with the saddle point for lowest stellar mass bin.
A general trend of decreasing sSFR with increasing stellar
mass is clearly recovered, with most massive galaxies having their
sSFR substantially reduced in particular in the vicinity of the dens-
est node, where the average sSFR value can be up to 10-times lower
compared to their low mass counterparts. Indeed AGN feedback
is an important ingredient for the formation of the more massive
galaxies, suppressing star formation so as to reproduce the observed
high-end of the galaxy luminosity function. By comparing the iso-
contours of mean stellar mass-weighted sSFR in HORIZON-AGN
and HORIZON-NOAGN (bottom row of Figure 6), the two main spe-
cific consequences of AGN feedback can be identified. First, and
not surprisingly, when AGN feedback operates, the overall sSFR is
reduced, mostly in the high stellar mass bin (the mean sSFR in the
highest stellar mass bin changes by a factor of ∼ 3, while in the
lowest stellar mass bin, it remains ∼ 1.15). Secondly, AGN feed-
back modifies the shape of sSFR iso-contours. This effect is most
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Figure 5. Mean galaxy stellar mass (left), sub-halo mass (middle) and host halo mass (right) in the frame of the saddle for masses in the range 109 to 1012M
at redshift zero, in the longitudinal (top panels) and transverse (bottom panels) planes at the saddle. The vertical axis corresponds to the direction of the skeleton
at the saddle (upwards toward the node with the highest density), while the horizontal axis corresponds to the major principal axis in the transverse direction.
The white contours correspond to the galaxy number counts with the horizontal axis corresponding to the major principal axis in the transverse direction at the
saddle. The white cross represent the peak in galactic density on axis. More massive galaxies are further away from the saddle than the low mass population in
the longitudinal direction, while they are closer to the saddle transversally. As expected, more massive galaxies are also residing in more massive halos. Note
in particular that the iso-contours of stellar mass are very similar to those of sub-halo mass, while the iso-contours of host halo mass, the shape of which differ
from the two others, show much more resemblance to the iso-contours of density (as discussed in Section 6). The peak of maximum mass is further away from
the saddle than the counts.
prominent amongst most massive galaxies7 in the vicinity of the
densest node that represents the maximum of the sSFR in the di-
rection along the filament from the saddle when AGN feedback is
absent. A similar effect is seen at low and intermediate stellar mass,
albeit less pronounced. Overall, the reduced star formation activ-
ity of galaxies due to AGN feedback in the densest environment
translates into an offset of the maximum of the mean stellar mass-
weighted sSFR away from the node. This clearly demonstrates the
importance of the AGN feedback and its ability not only to reduce
the star formation activity of individual objects, but also to mod-
ify their distribution on larger scales in the vicinity of high density
regions such as nodes, corresponding to galaxy groups and clus-
ters, consistently with our findings of AGN feedback being most
efficient near nodes at high stellar mass (see Appendix D).
7 Note that the highest stellar mass bin is not identical in the two simula-
tions. This is due to the difference in the stellar mass distributions, such that
at high stellar mass end, there are more galaxies in HORIZON-NOAGN than
in HORIZON-AGN that also tend to be more massive (see also Beckmann
et al. 2017). However, considering the same stellar mass bins does not im-
pact our results. Another difference is in the halo-to-stellar mass relation,
especially at the high mass end. It was checked that the medians of halo
masses in the highest stellar mass bin considered in this work are compara-
ble in both simulations.
3.4 Centrals and satellite differential counts
In order to gain a better understanding of what processes regu-
late sSFR of galaxies in their anisotropic environment, galaxies
are next split into centrals and satellites (respectively the most
massive galaxy within 10 per cent the virial radius of halo, or
a subhalo). Making this separation is further motivated by more
straightforward comparison with theoretical prediction of Musso
et al. (2018) (that is strictly applicable to central galaxies alone,
as the effect of the large-scale tidal field on the low mass ob-
jects is not accounted for). Figure 7 shows stellar mass-weighted
sSFR for centrals (top panels) and satellites (bottom panels) sep-
arately in both simulations, HORIZON-AGN (leftmost panels) and
HORIZON-NOAGN (rightmost panels) in low and high stellar mass
bins. Not surprisingly, the low mass end is dominated by the pop-
ulation of satellites, while central galaxies dominate the highest
stellar mass bins. What is more interesting is the distinct response
of centrals and satellites in terms of their sSFR as a function of
the exact position within the cosmic web (in both HORIZON-AGN
and HORIZON-NOAGN) and more surprisingly, the distinct impact
of AGN feedback on the sSFR of these two populations.
AGN feedback seems to have a stronger impact on centrals
which are closer to the denser node (compare panel 1b with 2b
and 1d with 2d). At high mass, AGN feedback quenches much less
efficiently star formation in satellites than it does in centrals (com-
pare panel 1b with 1d), where it distorts the shape of the sSFR
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Figure 6. Mass-weighted sSFR in the frame of the saddle at redshift 0 for low (left), intermediate (middle) and high (right) stellar mass bins, as labeled,
in the longitudinal and transverse planes at the saddle, in HORIZON-AGN (topmost panels) and HORIZON-NOAGN (bottommost panels). The vertical axis
corresponds to the direction of the skeleton at the saddle (upwards toward the node with the highest density), while the horizontal axis corresponds to the
major principal axis in the transverse direction at the saddle. The white contours and the white crosses correspond to the galaxy number counts and the peak
in galactic density on axis, respectively. The saddle represents maximum of sSFR in transverse direction at all masses and regardless of the presence of the
AGN feedback. What does change is the star formation activity in particular of the most massive galaxies, where AGN feedback substantially reduces the
values of sSFR. Moreover, note that at high mass end, the sSFR iso-contours are modified by AGN feedback in the vicinity of the densest node, such that
in the longitudinal direction away from the saddle, the maximum of sSFR is off-set from the densest peak. Overall, the sSFR iso-contours display a stellar
mass dependence in the longitudinal direction in that at low mass (resp. high mass) sSFR is maximum (resp. minimum) at the saddle and it decreases (resp.
increases) in the direction towards the nodes.
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Figure 7. Mass weighted sSFR in the frame of the saddle at redshift 0 for low and high stellar mass bins, as labeled, in the longitudinal and transverse planes
at the saddle, shown for centrals (top row) and satellites (bottom row) separately with (left) and without (right) AGN feedback. The vertical axis corresponds
to the direction of the skeleton at the saddle (upwards toward the node with the highest density), while the horizontal axis corresponds to the major principal
axis in the transverse direction at the saddle. The white contours and the white crosses correspond to the galaxy number counts and the peak in galactic density
on axis, respectively. AGN feedback has the strongest impact on high mass centrals and in the vicinity of the densest node (compare panel 1b with 2b and
with panel 1d), where it modifies the shape of the sSFR iso-contours as already noticed for the entire high mass population (see Figure 6). At low stellar mass,
satellites are generally less star-forming compared to centrals, but note also that the sSFR iso-contours of centrals and satellites are also different. For satellites,
the maximum of sSFR is located between the saddle and the peak in the direction along the filament towards the densest node (compare panel 1a with panel
1c or panel 2a with panel 2c).
iso-contours in the vicinity of the denser node. High mass satellites
seem to feel the impact of both the AGN feedback and environ-
mental processes, in particular in dense regions, but less so than
the centrals (compare panel 1d with 2d). A possible explanation for
massive satellites being less affected by the AGN feedback (com-
pared to centrals at the same stellar mass) could be the tidal influ-
ence of their main halo (Hahn et al. 2009) which reduces accretion
and merger rate onto the satellite. As mergers trigger bursts of AGN
activity, this induces less star formation.
At low stellar mass, as expected, AGN feedback does not seem
to have a strong impact on the sSFR of both satellites and centrals
(compare panel 1a with 2a and 1c with 2c). At low stellar mass,
sSFR iso-contours are different for satellites and centrals: i) satel-
lites have lower sSFR compared to centrals of the same mass, in
the direction both perpendicular to the filament, and along the fil-
ament towards the nodes, and ii) the shape of sSFR iso-contours
is different for satellites and centrals, in particular in the vicinity
of denser node, in that for satellites, the sSFR reaches its maxi-
mum before reaching the densest node in the direction along the
filament (compare panel 1a with 1c or 2a with 2c). Presumably,
satellite specific processes, such as e.g. strangulation, are driving
this difference8. Note that the sSFR contours for massive centrals
in the HORIZON-NOAGN simulation (see panel 2b) are, as expected,
in qualitative agreement with the dark matter accretion predicted
by Musso et al. (2018) (see Section 6 for a more detailed discus-
sion).
3.5 Longitudinal and transverse kinematic/age cross sections
Let us finally focus on the kinematics, quantified by the ratio of ro-
tation to dispersion - dominated velocity, V/σ, and the age of galax-
8 Strangulation (Larson et al. 1980), together with mergers (Toomre &
Toomre 1972), are traditionally considered as group-specific processes im-
pacting star formation activity of satellites. Other environmental quenching
processes, mostly operating in clusters include galaxy harassment (Moore
et al. 1996) or ram pressure stripping of gas (Gunn & Gott 1972). How-
ever, in this work, we are not attempting to address the processes impacting
satellite population in particular.
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Figure 8. Stellar mass weighted V/σ (topmost panels) and age (bottommost panels) for low (left), intermediate (middle) and high (right) stellar mass bins as
labeled, in the longitudinal and transverse planes at the saddle. The vertical axis corresponds to the direction of the skeleton at the saddle (upwards toward the
node with the highest density), while the horizontal axis corresponds to the major principal axis in the transverse direction at the saddle. The white contours
and the white crosses correspond to the galaxy number counts and the peak in galactic density on axis, respectively. The behaviour of the number density of
galaxies changes with stellar mass for both physical properties, but much more dramatically for V/σ. The shape of iso-contours are qualitatively different,
while the maximum of V/σ along the filament in the upward direction is located in between the saddle point and the density peak, age increases with increasing
distance away from the saddle towards the nodes and beyond. Transverse gradients are similar, both in terms of shape of iso-contours and in that the saddle
point is maximum for both quantities in radial direction.
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ies in the frame of the saddle. The observational proxies of these
quantities would be morphology and colour, respectively. Higher
V/σ typically characterises disc dominated morphologies, while
lower V/σ indicates the presence of a substantial bulge component.
The age of galaxies corresponds to the mean ages that are given by
the mass-weighted age of star particles belonging to each galaxy.
Figure 8 shows iso-contours of V/σ (top panels) and age (bottom
panels) as a function of stellar mass at redshift zero. Again, the
contours exhibit both radial and angular gradients w.r.t. the sad-
dle point. At all stellar mass bins, galaxies tend to have higher
V/σ in the vicinity of the saddle point that decreases in the or-
thogonal direction away from the saddle, while in the direction
along the filament towards the nodes it first increases, reaches its
maximum before getting to the densest node and decreases after-
wards. This effect is strongest for highest mass galaxies. In terms
of quantitative comparison of V/σ at different stellar mass, galaxies
in the lowest stellar mass bin have the lowest V/σ, while interme-
diate mass galaxies show the largest V/σ values. V/σ of the most
massive galaxies is lower compared to intermediate stellar masses,
but higher than at lowest stellar mass end. This can be explained
by the presence of few massive disc dominated galaxies present
in the HORIZON-AGN simulation and higher fraction of ellipticals
at low mass end compared to observations. Indeed, as shown in
Dubois et al. (2016), the maximum probability of finding discs in
HORIZON-AGN is in the stellar mass range of 1010 − 1011M.
Similarly, age gradients display clear radial and angular de-
pendence w.r.t. the saddle point at all stellar mass bins, however,
with qualitatively different behaviour. In the transverse direction,
saddle point is still maximum of the age at all stellar mass, while
in the direction along the filament away from the saddle, age in-
creases all the way beyond the node. Interestingly, in this aspect,
age gradients are similar to stellar mass gradients with the oldest
and most massive galaxies being located closer to the node in the
direction of the filament, and in the vicinity of the filament in the
orthogonal direction. This is consistent with the redshift evolution
of the stacks as discussed now.
4 REDSHIFT EVOLUTION
Let us now examine the evolution of galaxy properties with red-
shift. When comparing different epochs one may either consider
the fate of a given set of galaxies, or quantify the cosmic evolution
of the galactic population as a whole.
Figure 9 shows galaxy number counts in low (left column),
intermediate (middle column) and high (right column) stellar mass
bins at redshifts two (topmost rows) and one (bottommost rows)9,
while Figure 10 shows the mean stellar mass of the entire popu-
lation above the mass limit at these redshifts, as indicated10. The
corresponding redshift zero maps are shown on Figures 4 and 5,
respectively.
At each redshift, more massive galaxies are more tightly clus-
tered in the filaments than in the voids, and near the nodes than
near the saddles. Part of this redshift evolution is simply due to the
mass evolution of objects. In other words, one could fix the level
9 The skeleton and stellar mass bins are constructed as for redshift zero, see
Sections 2.3 and 3.2, respectively. Consequently, the stellar mass bins are
not identical at different redshifts, but they still contain comparable number
of galaxies.
10 Note that these cross-sections are in qualitative agreement with az-
imuthally averaged counterparts (see Appendix C).
of non-linearity by considering mass bins that evolve with redshift
following the non-linear mass for instance and then consider the
residual redshift evolution. This procedure would allow to focus on
the same class of objects across redshifts.
On Figure 9, one can follow the progenitors of a given class
of objects by fixing the level of non-linearity which is equivalent
to move approximatively along the diagonal (by adding Figure 4),
i.e. to focus on less massive objects at high redshift. As galaxies
grow in mass, i.e. as non-linear gravitational clustering proceeds
(the local dynamical clocks being set by inverse square root of the
local density), they also become more concentrated towards the fil-
aments and nodes (see Appendix E2). For instance, comparing the
bottom right transverse cross-section at redshift one and zero (from
Figure 4), the vicinity of the saddle is less populated by massive
objects as these have drifted towards the nodes. This redshift evo-
lution is consistent with the global flow of galaxies first towards
the filaments and then along them (as quantified kinematically in
Appendix F), and with the fact that galaxies accumulate mass with
cosmic time.
For a population as a whole, in the close vicinity of the saddle,
the breadth of the filament broadens with cosmic time as shown
in Figure 11, comparing the filament’s thickness for all galaxies
above the stellar mass limit at redshifts two and zero. Specifically,
the full width at half maximum (FWHM) of the transverse galaxy
number counts profiles was computed at different positions along
the filament’s direction. As argued in the next section, the measured
increase of the filament’s width with cosmic time is consistent with
the theoretical expectations.
Finally, Figure 12 shows the redshift evolution of stellar mass-
weighted sSFR. Again, it is interesting to note that the global sSFR
traces the level of non-linearity of the collapse of structures: at high
redshift, low mass population (top left panel) has the highest sSFR,
whereas the high mass low redshift population (bottom right panel)
is the most quenched. This is also reflected in the position of max-
imum of sSFR, which drifts with cosmic time i.e. with the level of
non-linearity of the field. The peak of sSFR seems to occur further
from the denser nodes towards the saddle as a function of cosmic
time. Hence, for the sSFR at least two processes compete: advec-
tion with the main flow and star formation activity which is im-
pacted by the proximity to AGNs and the local dynamical timescale
(but see Section 6.6 below).
5 THEORETICAL PREDICTIONS
Let us briefly present the theoretical framework which will allow
us to interpret the measurements presented in Sections 3 and 4.
This will involve predictions for dark matter and halo density cross
sections in the frame of the saddle, and their expected non-linear
evolution with cosmic time.
5.1 Constrained random fields
For Gaussian cosmological initial conditions, peak theory (Bardeen
et al. 1986) can be adapted to predict the mean (total) matter density
maps around saddles. Appendix E derives this mean initial matter
distribution marginalised to the constraint of a saddle point of ar-
bitrary geometry (height and curvatures) when the direction of the
largest (positive) eigenvalue of the Hessian, i.e the direction of the
filament, is fixed together with its orientation. This last requirement
is achieved by imposing that the coordinate of the gradient of the
gravitational potential along the filament is always negative. The
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Figure 9. Redshift evolution of the galaxy number counts in the frame of the saddle, in the longitudinal and transverse planes at the saddle. Low (left column),
intermediate (middle column) and high (right column) stellar mass bins are shown at redshifts 2 (top-most panels) and 1 (bottom-most panels), respectively.
The white dashed contours represent the galaxy number counts with the horizontal axis corresponding to the minor principal axis in the transverse direction at
the saddle. The corresponding redshift zero maps are shown on Figure 4. High mass galaxies are more clustered near the filaments and nodes at all redshifts
considered compared to their lower mass counterparts. Note that as galaxies grow in mass with time, they follow the global flow of matter, reflected by the
increased distance between the saddle point and two respective nodes at lower redshift.
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Figure 10. Mean galaxy stellar mass in the frame of the saddle, in the longitudinal and transverse planes at the saddle, for all masses in the range 109.0 to
1012.0M at redshifts two (left column) and one (right column). The redshift zero maps are shown on Figure 5. At a given mass, the corresponding (coloured)
contours get further away from the filament axis with cosmic time. Transverse cross sections (bottom panels) of number counts (white contours) become more
elongated with decreasing redshift, while longitudinally (top panels), they are further away from the saddle at lower redshift: the filaments become more
elliptical and thicken with cosmic time (see Figure 11 for quantitative estimate of this effect).
resulting oriented map of the density distribution around saddles
is shown in Figure 13 (left and middle panels). As expected, more
mass is found close to the filament axis and in the direction of the
most attractive potential well (towards the top of the map). Fig-
ure 13 (right panel) also presents the expected mass distribution of
dark matter haloes within the frame of the saddle when the Press-
Schechter threshold for collapse is decreased by the mean density
(following the prescription described in Codis et al. 2015b).
5.2 Expected redshift evolution
Different approaches can be used to incorporate the non-linear evo-
lution in the theoretical predictions, e.g. by doing a Zel’dovich
boost of the mean density map predicted from excursion set theory,
or by incorporating the gravity induced non-gaussianity of the dis-
tribution using a perturbative approach as sketched in Appendix E.
Both predict that gravitational clustering distorts and enhances the
contours of the matter density field within the frame of the sad-
dle, with a scaling proportional to σ(M?,redshift), the mass- and
redshift-dependent scale of non-linearity. The net effect will de-
pend on what is held fixed while stacking. At fixed rareness, which
is essentially achieved when focusing on the more massive objects,
filaments will collapse with cosmic time and therefore get thiner
and more concentrated (see Figure E1). On the other hand, when
the entire population of galaxies is considered at each redshift, fil-
aments typically get thicker, because less rare and therefore less
connected and less biased objects form at low redshift and domi-
nate the population.
While the realm of these predictions is limited (in redshift and
range of tracers), it nonetheless allows us to understand the trend
at the level of gravity-driven processes, and highlight by contrast
the contribution of AGN or stellar feedback. We refer to Codis
et al. (2015b) (their Section 4) and Laigle et al. (2015) (their Sec-
tion 5) for predictions for the expected angular momentum and vor-
ticity distributions and their evolution in the frame of the saddle,
which will prove useful when discussing V/σ maps (and less di-
rectly sSFR maps, which are sensitive to the recent accretion of
cold gas).
6 INTERPRETATION AND DISCUSSION
Let us now discuss the findings of Sections 3 and 4 in the context
of existing surveys and structure formation models (Section 5).
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Figure 11. Thickness of the filaments, defined as the FWHM of the Gaus-
sian fit of the transverse galaxy number counts profiles marginalised over
x- (panel a) and y-axis (panel b) at different positions along the filament’s
direction (z-axis on the longitudinal cross sections) at redshifts 2 and 0,
in red and blue, respectively, for all galaxies in the mass range 109 to
1012M. The transverse projections are carried over 0.2 Mpc/h longitu-
dinally (along the z-axis). As previously, the upward direction along the
z-axis corresponds to the direction of the skeleton at the saddle toward the
node with the highest density. When considering the entire population of
galaxies, the cross sections of filaments in the vicinity of the saddle point
(at z = 0 Mpc/h) grow with time. For the sake of clarity, only measure-
ments at redshifts zero and two are shown, however, their redshift evolution
is consistent throughout. Note also that the widths are computed in comov-
ing coordinates: the growth at low redshifts is much stronger in physical
coordinates. See also Appendix B (Figure B2) for the thickness of the fila-
ments and its redshift evolution at distances extending more faraway from
saddle.
6.1 Complementary top-down approach to galaxy formation
Let us start by putting the adopted approach and the results of this
work in the classical context of structure formation models. Tradi-
tionally, galaxy formation and evolution is studied in the hierarchi-
cal framework where galaxies are considered as evolving in (sub)-
halos possibly embedded in larger halos (e.g. Kauffmann et al.
1993; White 1996). Dynamically, this means that we can associate
two typical timescales (or ‘clocks’) to each encapsulated environ-
ment. This approach is justified in the well-established bottom-up
scenario of structure formation. One can address the impact of the
isotropic environment on the scales of halos, or equivalently the
local density (i.e. the trace of the Hessian of the gravitational po-
tential) while considering the merger tree history of individual ha-
los (and thus galaxies residing within)11. Such scenario has proven
quite successful in explaining many observed properties of galax-
ies, via the so-called halo model (Cooray & Sheth 2002) – in par-
ticular against isotropic statistics (e.g. two point functions). In this
11 The local density is indeed strongly correlated with the group halo mass,
as can be seen by comparing e.g. Figures 5 and 15.
classical view the impact of the larger anisotropic scales set by the
cosmic web is ignored because it is assumed that these scales do not
couple back down to galactic scales. Yet this view fails to capture
e.g. spin alignments which are specifically driven by scale-coupling
to the cosmic web (Codis et al. 2015a), nor does it fully take into
account how the light-cone of a given galaxy is gravitationally sen-
sitive to the larger scale anisotropies.
By contrast, Musso et al. (2018) recently investigated the im-
pact of the large-scale anisotropic cosmic web on the assembly his-
tory of dark matter haloes within the framework of extended ex-
cursion set theory, accounting for the effect of its large-scale tides.
They derived the typical halo mass, typical accretion rate and for-
mation time of dark matter haloes as a function of the geometry of
the saddle. These quantities were predicted to vary with the orienta-
tion and distance from saddle points, such that haloes in filaments
are less massive than haloes in nodes, so that at equal mass they
have earlier formation times and smaller accretion rates at redshift
zero, the effect being stronger in the direction perpendicular to the
filament. These findings suggest that on top of the mass and local
mean density, the tides of the larger scale environment also impact
haloes’ properties through a third timescale.
The approach adopted here follows up and assesses specifi-
cally the impact of this large-scale environment on galaxy prop-
erties, and in particular the top-down relevance of the imposed
tides (captured by the traceless part of the Hessian of the grav-
itational potential) on galaxy assembly. In other words the aim
here is to identify properties of galaxies which are specific to their
relative position within the saddle frame. To do so, the analysis
is carried out at fixed stellar mass and quantified at additional
fixed (sub)-halo mass and anisotropic density (through the analy-
sis of stacked re-oriented residual maps, see below), instead of the
conventional galaxy-halo-group mass isotropic perspective. This
framework does not invalidates past results expressed in terms of
group and halo masses – which remain the dominant effect impact-
ing galaxy formation, but complements them at first or second order
corrections12. Qualitatively the aim is to understand the impact of
the stretching and twisting imposed by those tides above and below
the impact of the density. As shown in Section 5.2 it also provides
as a bonus a good understanding of the bulk flows within that frame,
which enlightens the geometry of filaments’ iso-contours traced by
galaxies at fixed mass or fixed cosmic age.
6.2 Observational signature for the impact of the cosmic web
The idea that galaxy properties, such as their stellar mass, colour or
sSFR are also driven specifically by the anisotropy of the cosmic
web has only recently started to be explored in observations (e.g.
Eardley et al. 2015; Alpaslan et al. 2016; Tojeiro et al. 2017). Stel-
lar mass and colour or sSFR gradients have been reported at low
(e.g. Chen et al. 2017), intermediate (z . 0.25; Kraljic et al. 2018)
and higher redshifts (z ∼ 0.7 − 0.9; Chen et al. 2017; Malavasi
et al. 2017; Laigle et al. 2018), with more massive and/or less star
forming galaxies being found closer to the filaments compared to
12 In fact one could indeed alternatively extend the classical framework
by adding the larger-scale group distribution, i.e. the cosmic web traced by
dark matter halos as a extra ‘hidden variable’ driving galactic assembly.
Below that scale, the statistics is isotropic, while beyond it one has to define
how ensemble average should be carried. The frame of its saddles is chosen
here as a proxy for this web so as to be able to stack galactic distributions
while taking its effect into account.
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Figure 12. Mass-weighted sSFR in the frame of the saddle, in the longitudinal plane. Low (left column), intermediate (middle column) and high (right column)
stellar mass bins are shown at redshifts two (top), and one (bottom), respectively. The redshift zero map is shown on the top panel of Figure 6. sSFR decreases
with cosmic time at all stellar masses independently of the relative position w.r.t. the saddle. Interestingly, the peak of sSFR drifts away from the densest node
as a function of cosmic time or increasing mass (i.e. level of non-linearity).
their lower mass and/or higher star forming counterparts. The focus
in the present paper is on 2D and 3D cross sections at fixed stellar
mass, allowing to explore more complex geometric environment of
the filamentary network. The (marginalised) 1D distributions (over
distance along the filament) are in qualitative agreement with the
above mentioned observed stellar mass and colour or sSFR gradi-
ents w.r.t. filaments. Marginalising over the distance perpendicular
to the axis of the filaments yields gradients along the filament, such
that at fixed orthogonal distance from the filament, more massive
and/or less star forming galaxies are preferentially located in the
vicinity of the node. Such a signature was found by Kraljic et al.
(2018) in terms of red fractions, who reported the increasing frac-
tion of passive galaxies with decreasing distances both to the fila-
ments and nodes, with the dominant effect being the distance to the
nodes. These gradients should now be measured in the 3D distribu-
tion of galaxies inferred from large galaxy redshift surveys, such as
e.g. SDSS (York et al. 2000) or GAMA (Driver et al. 2009, 2011),
providing a large statistical sample of galaxies and for which addi-
tional information about the properties of group halos is available.
In terms of redshift evolution of sSFR, note that while at red-
shift above one the sSFR of galaxies increases in the direction along
the filament away from the saddle and reaches its maximum near
the node – in the region where the density is typically highest,
this maximum is shifted away from the nodes towards the saddle
at redshift one and below (top panels of Figure 6 and Figure 12).
Qualitatively similar behaviour, known as the reversal of the star
formation-density relation at high redshift, was tentatively identi-
fied in observations (e.g. Elbaz et al. 2007; Cooper et al. 2008;
Hwang et al. 2010, but see e.g. Patel et al. 2009; Ziparo et al.
2014, for contradictory results)13. Overall, our results suggest that
in order to understand the complex behaviour of galaxies’ proper-
ties, one may need to take into account the large-scale environment
where tides are expected to play an important role, beyond that of
density.
Note finally that a possible reason for the recent non-detection
of Alam et al. (2018) and Paranjape et al. (2018b) with the SDSS
resolution is that the ensemble average of the non-linearly evolved
galactic properties predicted from angular averaged fields does not
differ by much from the ensemble and angular average of the non-
linearly evolved galactic properties from anisotropic fields. To a
good approximation, angular-averaging and dynamical non-linear
evolution commute, which has of course been the basis of the suc-
13 Elbaz et al. (2007) specifically found evidence of this reversal for mas-
sive galaxies, such that the sSFR increases with increasing galaxy density
at redshift ∼ one.
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cess of the spherical collapse model14. One has to compute ex-
pectation in the frame of the filament to underline the differences,
which is precisely the purpose of this paper.
6.3 Inferred age, mass and counts statistics
The findings presented in this work, based on the analysis of
galaxy-related gradients in the frame of saddle, are in qualitative
agreement with the predictions of Musso et al. (2018) and those of
Section 5: the iso-contours of studied galaxy properties show de-
pendence on both the distance and orientation w.r.t. the saddle point
of the cosmic web. Specifically, galaxies tend to be more massive
closer to the filaments compared to voids, and inside filaments near
nodes compared to saddles (Figures 1 - 5). Similarly and equiva-
lently (given the duality between mass and cosmic evolution dis-
cussed in Appendix E2), Figures 9 - 11 show that as galaxies grow
in mass, they become more clustered near filaments and nodes with
cosmic time, the width of the filaments narrows for a given mass
bin, while the evolution of the entire population is consistent with
broadening of the filaments, as expected from the theory of rare
events (Bernardeau 1994). The number counts maxima are closer
to the saddles than the stellar mass maxima as the former is dom-
inated by the less-massive and more-common population, forming
more evenly within the frame of the cosmic web, so that they have
not had time to drift to the nodes. Consistently, older galaxies (Fig-
ure 8) are preferentially located near the nodes of the comic web
when comparing their distribution in the direction along the fila-
ments, and in the vicinity of filaments in the perpendicular direc-
tion. These age gradients are seemingly at odds with the formation
time of haloes predicted by Musso et al. (2018), where haloes that
form at the saddle point assemble most of their mass the earliest.
However, note that the formation time of haloes does not necessar-
ily trace galactic age as inferred from the mean age of the stellar
population. Indeed, our findings reflect the so-called downsizing
(Cowie et al. 1996) of both galaxies and haloes (e.g. Neistein et al.
2006; Tojeiro et al. 2017), such that oldest galaxies tend to be most
massive, and galaxies in high mass haloes are older (they formed
their stars earlier).
Note finally that the theoretical predictions in Musso et al.
(2018) are made at fixed halo mass, while the analysis presented
so far in this work is performed at fixed stellar mass. However, the
halo mass used in their study is physically closer to a sub-halo mass
than a host halo mass15, and is therefore more strongly correlated
with the stellar mass of galaxies which justifies further the qualita-
tive comparison at this stage. As anticipated in Section 6.1, addi-
tional fixed sub-halo mass and density will be taken into account
through the analysis of residuals (see Section 6.5).
6.4 The impact of AGN feedback
Relating the predicted specific accretion gradients of dark matter
haloes to galaxies’ observables requires some assumptions. One
can in principle translate dark matter accretion gradients into sSFR
gradients by considering the role of baryons in the accretion and
feedback cycle. In the current framework of galaxy formation and
14 This is in fact seen even at the level of the one-point function: one needs
to invoke a moving barrier (Sheth & Tormen 2002), i.e. corrections to spher-
ical collapse to match the measured mass function of dark halos.
15 The formalism adopted in Musso et al. (2018) does not capture the
strongly non-linear processes operating on satellite galaxies.
evolution, galaxies acquire their gas by accretion from the large-
scale cosmic web structure. The average growth rate of the bary-
onic component can be related to the cosmological growth rate of
dark matter haloes, from which follows that higher star formation
rate corresponds to higher dark matter accretion rate, providing that
the SFR follows the gas supply rate. At high redshift, the vast ma-
jority of galaxies are believed to grow by acquiring gas from steady,
narrow and cold streams (e.g. Keresˇ et al. 2005; Ocvirk et al. 2008;
Dekel et al. 2009). Using these arguments, it should follow that
at high redshift, the stronger the accretion, the higher the sSFR of
galaxy. Such a scenario is consistent with the gradients of the dark
matter accretion rates found by Musso et al. (2018), where high
mass haloes that form in the direction of the filament tend to have
higher accretion rates than haloes with the same mass that form in
the orthogonal direction. This qualitatively agrees with the sSFR
gradients in the frame of saddle at high redshift (Figure 12) and in
the simulation without AGN feedback (Figure 6) at redshift zero,
where galaxies with highest sSFR at fixed stellar mass tend to be lo-
cated in the vicinity of the node in the direction along the filament,
and near the saddle in the orthogonal direction.
In the presence of BHs, it is reasonable to expect at low red-
shift that the stronger the accretion, the stronger the AGN feedback,
thus the stronger the quenching of star formation. This should re-
sult in an overall reduced sSFR, a behaviour that is indeed found
when comparing the sSFR iso-contours between the HORIZON-AGN
and HORIZON-NOAGN simulations. Interestingly, Figures 6 - 7 and
Figure 12 also show that the shape of the sSFR iso-contours is
modified in the presence of AGN feedback such that, at the high
mass end, galaxies with highest sSFR seem to be off-set from the
highest density nodes of the cosmic web (see also Appendix D
which quantifies the difference of sSFR between HORIZON-AGN
and HORIZON-NOAGN). Satellites are much less impacted by AGN
feedback than centrals, and their sSFR is mostly affected by the
environment of groups and clusters.
6.5 Evidence for other processes driving galaxy formation
Closer inspection specifically shows that the iso-contours of sSFR,
V/σ (Figures 6 and 8) on the one hand, and stellar mass (Figure 5)
on the other differ from one another. This suggests that there may
exist hidden processes driving galactic physics (beyond mass and
local density).
Let us attempt to quantify their nature. Figure 14 displays the
host’s halo mass (resp. subhalo’s mass for satellites) in the frame of
the saddle, in the longitudinal cross section at redshift zero for dif-
ferent stellar mass bins (see also Figure 5). Not surprisingly, galax-
ies with higher stellar mass are found to live in more massive dark
matter haloes. These halo mass gradients are in agreement with
Section 5’s theoretical prediction and reflect what was already seen
for the stellar mass gradients of the entire galaxy population, i.e.
saddle points represent maxima of the halo mass in the direction
perpendicular to the filament, while they are minima in the direc-
tion along the filament towards nodes independently of stellar mass.
Note that in a given stellar mass bin, halo mass increases towards
filaments and nodes, i.e. theM?/Mh ratio is decreasing along those
directions. Strikingly, there is little change in the shape of these
halo mass gradients when varying stellar mass. This is strongly in-
dicative that stellar mass is at first order only a function of dark
matter mass (at a given position within the cosmic web)16. This is
16 A tight correlation between the stellar and halo mass of galaxies in the
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Figure 13. Mean predicted maps of the dark matter distribution around a saddle point of arbitrary shape and height. The direction of the filament is fixed to
be along the vertical axis for left and right panels (perpendicular to the plane of the figure in the middle panel) and the top-bottom symmetry is broken by
imposing that the most attractive peak is at the top. Left panel: predicted distribution of the density fluctuation for Gaussian random fields ν (in units of the
variance). Middle panel: corresponding transverse cross section with the same colour coding. Right panel: corresponding log of the non-linear mass when
the threshold for collapse in the Press-Schechter mass is decreased by the mean density obtained on the left panel. Its numerical counterpart measured in
HORIZON-AGN is shown on Figure E2 at low and high redshifts (see also Figure E1 for a prediction).
in sharp contrast with Figure 6 (resp. Figure 8), which shows that
the sSFR (resp. V/σ) contours do vary significantly across stellar
mass bins and have also distinct shapes compared to Figure 14.
Besides halo mass, density is another obvious candidate for
a variable that could drive the observed sSFR (resp. V/σ) distri-
butions in the frame of the saddle. Figure 15 shows the density in
the frame of the saddle, in the longitudinal cross section at red-
shift zero for different stellar mass bins (see also Figure 5). This
density is computed on the scale of 0.8 Mpc/h, at which the skele-
ton was defined (and where the corresponding level of anisotropy
was defined). Not surprisingly, galaxies with higher stellar mass are
found to live in denser regions. These maps are again in agreement
with Section 5’s theoretical prediction and are qualitatively similar
to what was already seen for the halo mass gradients, i.e. saddle
points represent maxima of the density in the direction perpendic-
ular to the filament, while they are minima in the direction along
the filament towards nodes independently of stellar mass. As for
halo mass, there is little change in the shape of these maps ver-
sus stellar mass. This in turn may indicate that there exist other
position-dependent variables which impact sSFR (resp. V/σ).
Let us attempt to quantify this effect by calibrating from the
full simulation the mapping ˆsSFR(Mh, ρ), defined as the median
sSFR at given Mh and local density ρ (and M? given that the map-
ping is defined in a given stellar mass bin), where ρ is computed
on the scale of 0.8 Mpc/h. To do this, the median sSFR is com-
puted in bins of logMh and log ρ constructed adaptatively such
that each of 10 equipopulated bins of Mh is further divided in 8
equipopulated bins of log ρ, in a given stellar mass bin. This me-
dian relation is then used in a 2D interpolation to obtain a relation
ˆsSFR(Mh, ρ) that can be applied to each galaxy (see Appendix G
current framework of galaxy formation (Rees & Ostriker 1977; Fall & Ef-
stathiou 1980) is expected based on abundance matching (e.g. Conroy &
Wechsler 2009; Moster et al. 2013; Rodrı´guez-Puebla et al. 2017) and con-
firmed with more direct measurements using e.g. satellite kinematics (e.g.
van den Bosch et al. 2004; More et al. 2009) or weak lensing (e.g. Moster
et al. 2010; Han et al. 2015; van Uitert et al. 2016).
for details). Should the physical process driving star formation only
depend on mean density and mass17, this operation would repro-
duce exactly Figure 6. What is found instead is that at given stellar
mass, there is a clear position-dependent discrepancy between the
two, as shown in Figure 1618. This figure displays the difference
of the mean sSFR measured at the given position, and the mean
sSFR estimated using the above-defined mapping, in highest stel-
lar mass bin, normalised by the median sSFR (computed over the
whole saddle region). This discrepancy is indicative that the im-
pact of the saddle accounts for at least a fraction of the dispersion
from the median sSFR −Mh − ρ relation (middle and right pan-
els), either because of the imposed local tides and/or because of
the scatter in density imposed by this saddle (which might also be
position-dependent). Interestingly, when the same transformation is
applied to galactic age, no significant residuals are found (left-hand
panel). This suggests that mean stellar mass and age, which are in-
tegrated quantities, do not seem to be very sensitive to anything but
mean dark halo mass and mean density. Appendix G discusses in
more details how to statistically disentangle mass, density and tidal
effects.
6.6 Is spin advection one of the residual processes?
In closing, let us speculate on the nature of the physical process
which may be responsible for the residual scatter – having removed
some of the effect of mean mass and local density, while rely-
ing on our saddle-centred stacks to identify processes that may be
17 Note that we cannot rule out that position-dependent shape of the PDF
of the distribution of sSFR, halo mass and density accounts for some resid-
uals, as one would not expect the averaging and the mapping to fully com-
mute, see Appendix G.
18 We also computed maps of the density smoothed on 2 and 3 Mpc/h. This
had little impact on the equivalent of Figure 16 while significant residuals
are found at the lower stellar mass bin, as expected since the smaller the
mass the smaller the scale and the smaller the correlation with the field
smoothed on larger (fixed) scale. This is consistent with the findings of
Kraljic et al. (2018).
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Figure 14. Stellar mass weighted halo mass in the frame of the saddle at redshift zero for low (left), intermediate (middle) and high (right) stellar mass bins,
as labeled, in the longitudinal plane at the saddle. The shape of iso-contours does not change dramatically with stellar mass and not surprisingly, galaxies with
highest stellar masses live in most massive haloes. Note that low values for halo mass result from the smoothing of mean values in sparsely occupied regions.
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Figure 15. Stellar mass weighted density in the frame of the saddle at redshift zero for low (left), intermediate (middle) and high (right) stellar mass bins, as
labeled, in the longitudinal plane at the saddle. As for halo mass (see Figure 14), the shape of iso-contours does not change dramatically with stellar mass and
not surprisingly, galaxies with highest stellar masses live in densest regions.
driven by anisotropy. As already mentioned, the (radial) distance to
the node-quenching from AGN feedback is an obvious candidate
for the amplitude of the residual maps. Nevertheless, it had long
been known that angular momentum stratification – undoubtedly
built from anisotropic tides – is a key underlying property driv-
ing morphology of galaxies, which correlates with their star forma-
tion efficiency. Angular momentum acquisition is controlled by the
large-scale tidal tensor, which imprints its torque along the galaxy’s
lightcone. The induced tides not only impact the assembly and ac-
cretion history of the host, but also the filamentary flow of cold
gas connecting to the host, hence its coherent gas supply. It has
recently been shown (Welker et al. 2015) following galaxies that
the quadrupolar vorticity-rich large-scale filaments are indeed the
loci where low- and intermediate- mass galaxies steadily acquire
angular momentum via quasi-polar cold gas accretion, with their
angular momentum aligned with the host filament (see Figure 17
for the high mass bin which has the most significant alignment sig-
nal at low redshift, and Laigle et al. 2015): galaxies are expected to
accrete more efficiently cold gas when their angular momentum is
aligned with the preferential direction of the gas infall, i.e. aligned
with the filament (Pichon et al. 2011b; Stewart et al. 2011). This
has typical local kinematic signatures in terms of i) spin and ii)
vorticity orientation as predicted by (Codis et al. 2015b), and as
measured in HORIZON-AGN w.r.t. the direction of its closest fila-
ment (Figure 17), and iii) in terms of internal kinetic anisotropy in
the velocity dispersion of dark halos (Faltenbacher & White 2009).
The V/σ of galaxies increases as they drift along the filament with-
out significant merger, as they align themselves to the saddle’s tides
(Figure 17).
The efficiency of star formation, as traced by sSFR, also de-
pends on the infalling rate and impact parameter of the cold gas in
the circum-galactic medium. Hence one also expects star formation
efficiency to be strongest wherever the alignment is tightest. The
locus of this induced excess of star formation and/or V/σ should
therefore have measurable signatures in observations when quanti-
fied in the metric of the filament (as discussed e.g. in Codis et al.
2015b, Eqn. 40, in terms of loci of maximum cold gas advection at
some finite distance from the saddle along the filament). There is a
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Figure 16. Age, sSFR and V/σ residuals, from left to right, having removed the mean stellar mass, halo mass and density effects, respectively by binning and
considering the median mapping (see text for details), in terms of fraction of the median values in the frame of the saddle at redshift zero for high stellar mass
bin, in the longitudinal plane at the saddle. The red dashed contours and the red crosses correspond to the galaxy number counts and the peaks in galactic
density on axis, respectively and the red horizontal lines represent the smoothing length used in the analysis. The sub-panels on the top show the distributions
of the three parameters, age, sSFR and V/σ (in colours), as a function of halo mass,Mh and local density ρ (computed on the scale of 0.8 Mpc/h, at which the
skeleton and the corresponding level of anisotropy were defined), respectively, with number counts overplotted in black. Interestingly, the residuals for sSFR
and V/σ display an excess at finite distance between the saddle and the nodes, which points towards the expected loci of maximum spin up and limited AGN
quenching. Conversely, the age residuals are very small (. 3%) relative to the values of residuals obtained for sSFR and V/σ, consistently with the observation
that the age, halo mass and local density gradients show many similarities (compare bottom panel of Figures 8, Figure 14 and Figure 15, respectively).
hint of such excess in the residuals shown in Figure 16 in terms of
both sSFR and V/σ (which should co-evolve). While quenching is
also playing a significant position-dependent role for the high mass
population, its impact on the lower mass galaxies will be less sig-
nificant. Figure 18 shows indeed that for the lower mass bins, the
residual maps peak significantly on axis, which supports the idea
that the efficiency of angular momentum advection is a relevant
process. This is worth emphasising, given the above-given theoreti-
cal prejudices based on following galaxies in the flow (Welker et al.
2015), and on the orientation of galaxies traced by their spin’s ori-
entation distribution in the vicinity of the filament axis, predicted to
exhibit a point-reflection symmetric structure (Codis et al. 2015b)
as measured in Figure 17. While this discussion is more specula-
tive, recall in any case that most properties of the galactic popu-
lation measured within the frame of saddles presented in the pre-
vious section – including redshift evolution and filament thicken-
ing/thinning – can be understood when accounting for their cosmic
advection with the bulk flow along and transverse to the filament.
The present study clearly highlighted that an improved model for
galaxy properties should also explicitly integrate the diversity of
the topology of the large environment on multiple scales (follow-
ing, e.g. Hanami 2001) and quantify the impact of its anisotropy
on galactic mass assembly history, and more generally on the kine-
matic history of galaxies. The details of how the kinematics impact
star formation remains to be understood. The vorticity-rich kine-
matics of the large scale flow is neither strictly coherent nor fully
turbulent. Does the offset of merger and accretion rate imposed
by the large scale turbulent flow explain the residual environment
dependence in observed physical properties (Aragon-Calvo et al.
2016), or is the helicity of gas inflow within filaments prevalent in
feeding galactic discs coherently (Pichon et al. 2011a)?
7 CONCLUSIONS
This paper investigated the properties of virtual galaxies in the
neighbourhood of filament-type saddle points of the cosmic web.
These properties were measured within the frame set by the princi-
pal axes of the saddle in the HORIZON-AGN simulation. The impact
of AGN feedback was assessed by comparing to results obtained
in the HORIZON-NOAGN simulation. The principal findings are the
following:
• The iso-contours of the galactic number density, mass, sSFR, V/σ
and age in the saddle’s frame display a clear alignment with the
filament axis and stronger gradients perpendicular to the filaments,
quantifying the impact of the cosmic web in shaping galaxies.
• High mass galaxies are more clustered around filaments and
within filaments around nodes compared to their low mass counter-
parts. As expected, the filament’s width of the whole galaxy pop-
ulation grows with cosmic time (as it becomes dominated by less
rare galaxies). Conversely, at fixed mass, it decreases with cosmic
time at the saddle.
• In addition to reducing the overall sSFR of galaxies, AGN feed-
back also impacts the shape of the sSFR iso-contours, in particular
for high mass galaxies and in the vicinity of the nodes of the cosmic
web. AGN feedback quenches centrals more efficiently than satel-
lites. Satellite strangulation seems to occur within the filaments and
nodes of the cosmic web.
• While the dominant effect of the cosmic web on galaxy formation
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Figure 17. Stellar mass-weighted cosine of angle between the spin of the
galaxy and the direction of the filament (top panel) and between the vor-
ticity of the gas at the position of the galaxy and the direction of the fil-
ament (bottom panel) for highest stellar mass bin at redshift zero. Trans-
verse cross-sections comprise galaxies with z-coordinate between 1 and 2.5
Mpc/h for the spin and between 0.5 and 1.8 Mpc/h for the vorticity, where
the signal is most significant. The vorticity is computed on the gas distri-
bution at the resolution and smoothing length used to define the skeleton,
and interpolated at the position of galaxies. The map is normalised so that
the integrated amplitude in each quadrant is preserved while smoothing.
The white contours and the white crosses correspond to the galaxy number
counts and the peaks in galactic density, respectively. Note the quadrupolar
(point-reflection symmetric) structure of the spin’s orientation distribution
in the vicinity of the filament axis, in qualitative agreement with the predic-
tion of Codis et al. (2015b) for dark matter. The distribution of the vorticity
of the gas is also in qualitative agreement with this prediction and with the
measurement of Laigle et al. (2015) (their Appendix A), which focused on
cooling runs (without star formation). The tilt in the plane of symmetry of
the vorticity map is likely to be driven by shot noise.
seems to be captured by the distance to cosmic nodes, the full three
dimensional geometry of the web, in particular its saddle points,
provides a natural oriented frame for stacking galaxies, showing
significant effects of the environment beyond solely the distance
to nodes. Hence, galaxies do retain a memory of the large-scale
cosmic flows from which they emerged.
• The redshift evolution of the galactic counts and the age distribu-
tion of galaxies are consistent with a drift of the population towards
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Figure 18. V/σ residuals in HORIZON-AGN (left panel) and
HORIZON-NOAGN (right panel), having removed the mean stellar
mass, halo mass and density effects, respectively by binning and consider-
ing the median mapping (see text), in the lowest stellar mass bin at redshift
zero. The red dashed contours and the red crosses correspond to the galaxy
number counts and the peaks in galactic density on axis, respectively and
the red horizontal lines represent the smoothing length used in the analysis.
The two maps are qualitatively similar, as expected for this mass bin
where AGN feedback should not have a strong impact, and nonetheless the
amplitude of the map is ∼ 14%, concentrated along the filament’s axis.
the filaments and along them (see Appendix F). The cosmic evolu-
tion of the sSFR reflects both this drift and the triggering of quench-
ing as centrals become massive enough to trigger AGN feedback
near the peaks of the cosmic web. The geometry of the stacks and
their cosmic evolution compare favourably to expectations for con-
strained Gaussian random fields in the weakly non-linear regime.
• The maps of V/σ and sSFR (and their residuals) are consistent
with the role played by feedback and angular momentum in shaping
galaxies, beyond that played by mass and density, and its connec-
tion with the geometry of the cosmic web, as described by Codis
et al. (2015b) and Laigle et al. (2015) (in a Lagrangian and an Eule-
rian framework, respectively). The point-reflection symmetric dis-
tribution of the orientation of the spin of galaxies and vorticity of
the gas presented in this paper is also in agreement with this picture.
• At high mass and low redshift, AGN feedback coupled with
advection of galaxies along filaments induces some level of
anisotropy in the distribution of galaxy properties (sSFR, V/σ, age)
which is partially degenerate with the effect of how angular mo-
mentum of galaxies is acquired from the large-scale vorticity of the
anisotropic environment.
• While sSFR responds to the saddle frame over and above what is
expected from halo mass and local density, other indicators such as
stellar age do not.
Overall, all distributions are consistent with the geometry of the
flow in the vicinity of saddles, including quenching by AGN feed-
back, strangulation of satellites near the nodes, and possibly time
delays induced by asymmetric tides on local and intermediate
scales. They complement the findings of Kraljic et al. (2018), which
also showed that galaxy properties occupy more than a two dimen-
sional manifold (in physical parameter space such as age, sSFR,
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V/σ etc.), but at the expense of not resolving the 3D distribution
of fields in the frame of the saddle, which was the adopted strategy
here19. This strategy allows us to suggest that one extra degree of
freedom is the angular momentum acquired from the anisotropy of
the cosmic web.
The signal-to-noise ratio in the counts is in the current analy-
sis limited by the number of galaxies in the simulated box and by
the choice of sampling the population in 3D. In order to e.g. probe
the transverse asymmetry of saddles (reflecting the relative depth
and distance to neighbouring voids and wall-saddles), the present
study could be followed up using simulations with better statistics
so that the counts may be orientated w.r.t. the connecting walls and
voids. A larger sample would also allow us to quantify the effect
of non-linearities when constructing residual maps, as discussed in
Appendix G. It would also be of interest to stack observationally
measurable quantities such as colour or metallicity. These predic-
tions could then be directly compared to observations from upcom-
ing spectroscopic surveys such as 4MOST (de Jong et al. 2012),
DESI (DESI Collaboration et al. 2016), PFS (Takada et al. 2014),
MSE (McConnachie et al. 2016), integral field spectroscopy such
as MANGA (Bundy et al. 2015), SAMI (Croom et al. 2012), Hec-
tor (Bland-Hawthorn 2015) or in projection using photometric red-
shifts with DES (Rykoff et al. 2016), Euclid (Laureijs et al. 2011),
WFIRST (Spergel et al. 2013), LSST (LSST Dark Energy Science
Collaboration 2012), KiDs (de Jong et al. 2013), following the pi-
oneer work of Laigle et al. (2018) in the COSMOS field. Connect-
ing the present findings with work on spin orientation (Codis et al.
2015b) in the frame of the saddle may also prove useful to mitigate
the effect of intrinsic alignment (e.g. Joachimi et al. 2011; Chisari
et al. 2015). Investigating the distribution and survival of filaments
on much smaller scales as they enter dark haloes is also of interest
and will be the topic of future work (Darragh Ford et al. in prep.).
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APPENDIX A: VALIDATION
Let us briefly study how the measured distributions presented in
the main text are impacted by the smoothing length of the gas den-
sity distribution and the type of tracer used to extract the skeleton.
Results are presented in the frame of the saddle using the curvilin-
ear coordinates (see Section 3.1), but qualitatively similar conclu-
sions are obtained for 3D distributions. Figure A1 shows the galaxy
number counts for the entire galaxy population with masses in the
range 109.0 to 1012.0M at redshift zero, using, after rescaling, the
same smoothing length as in the main text (left) and twice as big
(right). Similarity of these iso-contours suggests that as expected,
the measured distributions are relatively insensitive to the level of
smoothing applied.
Figure A2 shows the galaxy number counts in low (left) and
high (right) stellar mass bins at redshift zero, using the dark mat-
ter particles as a tracer of the cosmic web. These iso-contours that
should be compared with left and right panels of Figure 1, suggest
again only a weak dependence of results on the choice of the tracer
(i.e. gas or dark matter). Note nonetheless that the skeleton built di-
rectly from galaxies using persistence is significantly different, as
it becomes multi-scale in nature. The corresponding complication
is beyond the scope of this paper and will be explored elsewhere.
APPENDIX B: FILAMENTS’ LENGTH AND WIDTH
Figure B1 shows the probability distribution of the length of fila-
ments at redshift two and zero. The length of filaments decreases
with time, in agreement with the expected evolution of matter dis-
tribution in the ΛCDM universe with accelerated expansion at red-
shift . 1 and as measured by Sousbie et al. (2008) for the dark
matter. As universe expands, more low mass objects form leading to
the formation of filaments on smaller scales that eventually merge
together while longer filaments are stretched. Because larger scale
filaments are less numerous than filaments on small scales, the net
result is a shift of the median length towards lower values at lower
redshift.
Figure B2 shows the thickness of the filaments as a function
of the position in the direction along the filament and is comple-
mentary to Figure 11 in that it extends to the vicinity of the nodes.
Regions near the nodes (in both upper and lower directions from
the saddle, corresponding to the nodes of highest and lowest den-
sity, respectively) are getting thinner with time.
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Figure A1. Galaxy number counts in the frame of the saddle (curvilinear
coordinates) for all masses in the range 109.0 to 1012.0M at redshift
zero (left) compared to the smoothing twice as big (right). Note that the R
and z axes have been rescaled by the smoothing length. Similarity of the
contours suggest that the measured distributions are relatively insensitive to
the choice of the smoothing length.
0 1 2
R [Mpc/h]
−2
−1
0
1
2
3
z
[M
p
c/
h
]
[9.00,9.05]
0.2
1.0
1.8
P
D
F
0.1 0.3
PDF
0 1 2
R [Mpc/h]
[10.93,11.99]
0.1 0.3
PDF
0
2
4
6
8
10
12
14
n
u
m
b
er
co
u
n
ts
Dark matter
Figure A2. Galaxy number counts in the frame of the saddle (curvilinear
coordinates) in low (left) and high (right) stellar mass bins at redshift zero,
using the dark matter as a skeleton tracer. Similarity between these contours
and those obtained using gas (see Figure 1) suggest that the measured distri-
butions are relatively insensitive to the choice of the tracer used to construct
the skeleton.
APPENDIX C: AZIMUTHALLY AVERAGED SECTIONS
All distributions presented in Section 3 – considering the stacks in
3D, and Section 4 presenting their redshift evolution – are in qual-
itative agreement with azimuthally averaged maps in 2D, adopting
curvilinear coordinates as in Section 3.1. Let us here focus on red-
shift evolution alone. Figure C1 shows the galaxy number counts
and mean stellar mass in the frame of the saddle using curvilinear
coordinates, at redshifts two and one, complementing Figure 1. The
redshift evolution of both number counts and mean stellar mass is
in qualitative agreement with the results obtained when consider-
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Figure B1. Probability distribution function of the length of filaments at
redshift two (red) and redshift zero (blue). The vertical lines correspond to
the medians of distributions.
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Figure B2. Thickness of the filaments, defined as the FWHM of the Gaus-
sian fit of the transverse galaxy number counts profiles as in Figure 11.
When considering the entire population of galaxies, the cross sections of
filaments in the vicinity of the saddle point (at z = 0 Mpc/h) grow with
time, while in the vicinity of nodes (z ∼ 2.5 Mpc/h and z ∼ −1.5 Mpc/h
for highest and lowest density nodes, respectively), they get thinner.
ing stacks in 3D (see Section 4) and consistent with the global flow
of matter towards the filament first and along them afterwards (see
Sousbie et al. 2008, for the dark matter flow).
APPENDIX D: AGN QUENCHING EFFICIENCY
Figure D1 shows the normalised difference of sSFR in the
HORIZON-AGN and HORIZON-NOAGN simulations at redshift zero
for highest stellar mass bin. This quantity allows to quantify where
the quenching is most efficient. As expected, highest reduction of
the sSFR is in the vicinity of the densest node.
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Figure C1. Left and middle panels: Redshift evolution of the galaxy number counts in low (left column), intermediate (middle column) and high (right
column) stellar mass bins, in the frame of the saddle (curvilinear coordinates) at redshift two (top row) and one (bottom row), respectively. The white
horizontal lines represent the smoothing length used in the analysis. Rightmost panels: Redshift evolution of mean stellar mass iso-contours in the frame of
the saddle (curvilinear coordinates) for the entire galaxy population at redshift two (top row) and one (bottom row), respectively. The white curves correspond
to the contours of the galaxy number counts, while the white crosses represent the peaks in galactic number density on axis. Note how galaxies become more
clustered towards filaments and nodes as they grow in mass with decreasing redshift, consistently with the global flow of matter within the cosmic web and in
agreement with results considering the 3D distributions.
APPENDIX E: THEORETICAL PREDICTIONS
Let us briefly predict from first principles the expected shape of
the matter and halo distribution in the vicinity of a saddle and its
cosmic evolution.
E1 Predictions for the mean constrained initial density field
The initial density field in which the cosmic web develops being
Gaussian, the theory of constrained Gaussian random field provides
a natural framework in which to compute the expectation of the
matter distribution and typical halo mass within the frame set by the
saddle point, as we do not expect the dynamics to be strongly non-
linear on such scales. An important ingredient here is therefore to
impose a filament-type saddle point constraint. Such a critical point
form when the gradient of the density field is zero and is defined by
its geometry, namely i) its height ν defined as the density contrast
divided by its rms σ0 =
√〈δ2〉 and ii) its curvature by means of
the three eigenvalues of the Hessian matrix of the density contrast
rescaled again by their rms σ2 =
√〈(∆δ)2〉. For a filament-type
saddle point, λ1 > 0 > λ2 > λ3.
The so-called peak theory (Kac 1943; Rice 1945) then al-
lows us to predict all statistical properties of critical points once
the (supposedly Gaussian here) probability density function (PDF)
of the field ν = δ/σ0, its first νi = δ,i/σ1 and second derivatives
νij = δ,ij/σ2 is known. The saddle constraint reads
Csad = 1
R3?
λ1λ2λ3ΘH(λ1)ΘH(−λ2)δD(νi) , (E1)
where the Dirac delta function ensures the gradient to be zero, the
Heaviside Theta functions impose the sign of the eigenvalues, the
Jacobian λ1λ2λ3 = det νij accounts for the volume associated
with a saddle point and R? = σ2/σ1.
To predict the mean density map around a saddle point, one
has to consider the joint statistics of (ν, νi, νij) together with the
density field ν′ at a distance r from the saddle point. In addition,
the symmetry along the axis of the filament (i = 1 here) will be
broken by imposing the first axis to be oriented in the opposite di-
rection from that of the gradient of the gravitational potential (i.e
towards the deepest potential well, the most attractive node). One
therefore also has to consider Φ1 the derivative of the gravitational
potential along the first direction rescaled by its corresponding vari-
ance σ−1 =
√〈(∇Φ)2〉. Let us gather those 12 fields in a vec-
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Figure D1. sSFR ratio in the HORIZON-AGN, sSFR (AGN), and
HORIZON-NOAGN, sSFR (noAGN), simulations at redshift zero for high-
est stellar mass bin. Note that the highest impact of AGN feedback on sSFR
of galaxies is, as expected, in the vicinity of the densest node. White con-
tours represent galaxy number counts in the HORIZON-AGN simulation.
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Figure E1. Coloured contours: predicted cross section of the halo mass
density after a Zel’dovich boost for a fixed geometry of the saddle in the
plane of the wall and filament (left panel) and perpendicular to the filament
(right panel). Dashed contours: the cross section before the boost.
tor X = {ν′, ν, ν1, ν2, ν3, ν11, ν22, ν33, ν12, ν13, ν23,Φ1} whose
PDF can be written
P(X) = 1√
det|2piC| exp
(
−1
2
XT ·C−1 ·X
)
, (E2)
where the covariance matrix C = 〈X · XT〉 depends on the sep-
aration vector r and the linear power spectrum Pk(k) which can
include a filter function on a given scale. In this work, a Λ-CDM
power spectrum is used (using the same values for the cosmologi-
cal parameters as HORIZON-AGN) with a Gaussian filter defined in
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Figure E2. Left panel: dark matter longitudinal cross section measurements
in HORIZON-AGN at redshift 0. Right panel: same quantity at redshift 2.
The corresponding prediction at high redshift is shown in Figure 13 and the
agreement is fairly good.
Fourier space by
WG(k, L) =
1
(2pi)3/2
exp
(−k2L2
2
)
, (E3)
with L = 0.8Mpc/h. One-point covariances do not depend on
the separation but may depend on the spectral parameter γ =
σ21/(σ0σ2). The variance of the density field is one by definition,
C11 = 1, while the diagonal block corresponding to the saddle
position, C0 = (Cij)i,j>1, reads
C0 =

1 0 0 0 −γ/3−γ/3−γ/3 0 0 0 0
0 1/3 0 0 0 0 0 0 0 0 −β/3
0 0 1/3 0 0 0 0 0 0 0 0
0 0 0 1/3 0 0 0 0 0 0 0
−γ/3 0 0 0 1/5 1/15 1/15 0 0 0 0
−γ/3 0 0 0 1/15 1/5 1/15 0 0 0 0
−γ/3 0 0 0 1/15 1/15 1/5 0 0 0 0
0 0 0 0 0 0 0 1/15 0 0 0
0 0 0 0 0 0 0 0 1/15 0 0
0 0 0 0 0 0 0 0 0 1/15 0
0 −β/3 0 0 0 0 0 0 0 0 1/3

,
with β = σ20/σ−1σ1. The cross correlations between ν′ and the
fields at the position of the saddle are to be computed carefully
as they depend on both the separation and the orientation of the
separation vector in the frame of the Hessian described by the co-
ordinates with indices i = 1, 2, 3. They are explicit function of the
shape of the power spectrum and are therefore computed numeri-
cally (the angle dependence is analytical, hence only the integration
w.r.t k = |k| requires a numerical integration). They read for j be-
tween 2 and 12
〈
ν′Xj
〉
=
∫
d3kPk(k)
3∏
i=1
(−ıki)αi(ık)−2p exp (ık · r)
∫
d3kPk(k)
∫
d3kPk(k)
3∏
i=1
k2αii
, (E4)
where p = 1 only for j = 12 (because of Poisson equation) and
zero elsewhere and αi counts the number of derivatives w.r.t index
i. Note that the mean density map around a saddle point of fixed
height and curvatures with no symmetry breaking (i.e not imposing
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Φ1 < 0) is analytical and given by (Codis et al. 2015b)
〈
ν′|S〉 = (λ1+λ2+λ3)(〈ν′tr νij〉+ γ 〈ν′ν〉)
1− γ2
+
ν(〈ν′ν〉+ γ 〈ν′tr νij〉)
1− γ2 +
45
4
(
rˆT ·H · rˆ
)〈
ν′
(
rˆT ·H · rˆ
)〉
,
where H is the detraced Hessian of the density and rˆ = r/r. How-
ever, here the goal is to compute this mean map around an arbitrary
saddle (marginalising over its height and curvatures) and with sym-
metry breaking. To do so, a Monte Carlo technique is implemented
to compute the integrals of typically 6 dimensions with Mathemat-
ica.
The mean map marginalised over the direction perpendicular
to the filament is shown on the left panel of Figure 13. As expected,
a filamentary ridge is predicted along the λ1 direction with two
nodes at about 3 smoothing lengths from the saddle. In the direction
perpendicular to the filament, two voids are typically found on both
sides of the saddle. In addition, Figure 13 also shows the mean den-
sity in a plane perpendicular to the filament and containing the sad-
dle point. As expected the filament cross section is squashed in the
direction of the wall (λ2). This squashing will depend on the peak
height and therefore on the mass of galaxies and haloes, namely the
rarer objects will display a more spherical cross-section and vice
versa. Note that for both plots, 10 millions draws of the fields per
point are drawn from a Gaussian distribution conditioned to having
νi = ν12 = ν13 = ν23 = 0. All configurations with positive Φ1
and wrong signs of the eigenvalues are thrown before computing
the mean density ν′ in those configurations with weights λ1λ2λ3
(because of the νi condition) times (λ1 − λ2)(λ2 − λ3)(λ1 − λ3)
(because of the ν12 = ν13 = ν23 condition).
E2 Cosmic evolution of the dark matter maps
The above formalism is valid in the Gaussian initial conditions
and can in principle be extended perturbatively to the subsequent
weakly non-linear cosmic evolution. For the sake of simplicity,
only the mean non-linear evolution of the density distribution
around a saddle point of fixed geometry is described. Using a
Gram-Charlier expansion (Gay et al. 2012) for the joint distribu-
tion of the field and its derivative, the first non-Gaussian correction
to the mean density map is found to be
〈δ(r|S)〉 ∼ 〈δ(r|S)〉G + σ0
 ∑
ijk611
SijkHijk(r)
 , (E5)
where higher order terms O(σ2) are neglected. In Equation (E5),
the Sijk ≡ 〈XiXjXk〉/σ coefficients generalise the so-called
S3≡〈δ3〉/〈δ2〉2 to expectations of cubic combinations of the field
ν= δ/σ0 and the components of its gradients, νk, and its Hessian,
νij (rescaled by their respective variance) evaluated at the running
point r and at the saddle. In equation (E5), the function Hijk(r)
only involves known combinations of the Gaussian covariance ma-
trix Cij evaluated at separation r (so Hijk is independent of red-
shift). Note importantly that at tree order, the Sijk also do not de-
pend on σ0, so that the only (degenerate) dependence on cosmic
time τ and smoothing scale L (over which the saddle is defined) is
through σ0(L, τ) in front of the square bracket of equation (E5).
For the purpose of this paper, this equation therefore implies that
gravitational clustering will distort and enhance the contours of
dark matter density within the frame of the saddle, with a scaling
proportional to σ020. Here the considered scale L can also be re-
lated to the typical mass, M? of the population considered so that
the local clock becomes σ(M?,redshift). Hence equation (E5) sim-
ply predicts the observed mass and redshift scalings of the main
text. In practice, computing the whole Sijk suite takes us beyond
the scope of this paper and will be investigated elsewhere.
Notwithstanding, as a first approximation, most of the effect is
simply due to the density boost ν = νS at the location of the saddle.
The corresponding non-Gaussian correction is simply given by σ0
multiplied by
H2(νS)
2
ξ(r)
σ20
(C12(r)− S3) , (E6)
with H2(x) = x2 − 1 the second Hermite polynomial, C12 =〈
ρ2(x)ρ(x+ r)
〉
c
/σ20ξ and again S3 =
〈
ρ3
〉
c
/σ40 . Note that
at tree order in perturbation theory, in the large separation limit,
C12(r) − S3 → −34/21. For a saddle point one sigma above
the mean, H2(νS) > 0, which means that the non-linear evolu-
tion tend to sharpen the density profile around the saddles (given
that the height of the saddle, νS is fixed here), as one would have
expected.
Alternatively, excursion set theory (Musso et al. 2018) allows
us to predict the typical mass distribution in the vicinity of a given
saddle point (with fixed geometry) and as was done in that paper,
the predicted profile can be displaced via a so-called Zel’dovich
boost. This is shown in Figure E1, which corresponds to a cross
section through Figure 13 of Musso et al. (2018) where the length
have been rescaled by a factor α and the masses by a factor α3 to
match the smoothing scale used in this paper and to account for
differences arising from the use of a different filter (Gaussian vs.
Top-Hat). Using the same approach, it is also possible to compute
the expected accretion rate of the dark matter halo. One then recov-
ers Figure 12 of Musso et al. (2018) that is showing that the effect
of the saddle point on the accretion rate decreases as the mass of
the halo decreases. In the (simplistic) picture where dark matter
accretion rate correlates with fresh gas accretion and specific star
formation, one then qualitatively recovers the results of Figure 6,
where the effect of the cosmic web onto the sSFR decreases with
the stellar mass. Indeed, as these two quantities (dark matter accre-
tion rate and sSFR) only probe the recent accretion history of the
halo, they are sensitive to differential effects induced by the saddle
point which vanish at scales much smaller than that of the filament.
In order to compare this Lagrangian prediction to simulations,
the mean total matter distribution was measured around saddles
in the HORIZON-AGN simulation. The low-redshift measurement is
shown on the left panel of Figure E2. Interestingly, the prediction
for Gaussian random fields recovers the qualitative picture found in
the HORIZON-AGN simulation in terms of the geometry of the con-
tours. As expected, the non-linear evolution (not captured by the
Gaussian prediction) further contracts the filaments which become
more concentrated. As one goes to higher redshifts (right panel of
Figure E2), the contours clearly become closer to the Gaussian pre-
diction.
APPENDIX F: KINETIC BULK FLOW NEAR SADDLE
Extending the result of Sousbie et al. (2008) (which focussed on
dark matter), let us quantify the geometry of the bulk galactic ve-
20 As such, the thickening of filaments provides us with a cosmological
probe, though admittedly it might not be the most straightforward one!
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locity flow in the frame of the saddle. Figure F1 displays the (nor-
malized) velocity field of galaxies in the frame of the saddle while
tracking (left panel) or not (middle panel) the orientation of the sad-
dle, and the PDF of the velocity’s modulus and orientation (right
panel). The velocities of the left and middle panels are computed
as previously, i.e. as an average velocity for all galaxies in given 2D
bin and smoothed over 0.3 Mpc/h. Note that no flipping w.r.t. the
z-axis is applied here. As expected, when the frame is orientated
towards the larger node (left panel), the net flow is directed towards
that node throughout that frame. Interestingly, note that the flow
actually overshoots the peak of density in that frame, which is in
fact expected, in so far that the velocity should, at the level of the
Zel’dovich approximation, point towards the minimum of the po-
tential, whose peak is typically further away from the saddle. When
the orientation of the saddle is ignored (middle panel), one recov-
ers a ‘saddle-like’ geometry for the flow, i.e. the saddle point locally
repels the flow longitudinally but attracts it transversally. The right
panel is consistent with Figure 6 of Sousbie et al. (2008), but ap-
plies now to galaxies in HORIZON-AGN. The PDF velocity orienta-
tion and moduli present a tail of high velocities (at cos δ < 0), cor-
responding to galaxies converging transversally towards filaments.
The geometry of the flow displayed in Figure F1, together with
the distinct initial population distribution (and accretion history) for
the progenitor of high and low mass galaxies allow us to understand
their cosmic evolution presented in the main text. On top of this
passive advection, Section 6.5 argues that the tides of the saddle
may impact directly dark halo growth while shifting the conditional
mean and co-variances of the accretion rate, and galactic V/σ or
sSFR while biasing spin (hence cold gas) acquisition.
APPENDIX G: STATISTICAL ORIGIN OF RESIDUALS
Let us finally discuss the statistical basis of the procedure described
in the main text to study second order effects beyond the mass and
density and capture the origin of these hidden variables. When at-
tempting to disentangle the specific role of tides from that of the
local density and/or that of the dark halo mass, we are facing a
statistical mediation problem (see e.g. Wright 1934; Sobel 1982;
Baron & Kenny 1986), in that we aim to determine if the tidal ten-
sor plays a specific role impacting the sSFR (or V/σ or age etc.)
which is not already encoded in other quantities such as density
and dark matter mass (which also vary away from the saddle, but
typically with different maps in that frame). For the sake of being
concrete, let us assume that the effect of the tides can be summed
up by a scalar field α (e.g. the squared sum of the difference of the
eigenvalues of the Tidal tensor, α =
∑
(λi−λj)2, which quantifies
the anisotropy of the collapse, or the net flux of advected angular
momentum, etc.). Our purpose is to extract the map α(r) and check
its structure relative to the saddle.
G1 Conditional mediation
Let us motivate the procedure used in Section 6.5 while relying on
a statistical description of the random variables describing the var-
ious fields at some given position away from the saddle. Let us first
assume for simplicity that the field X = (sSFR, δ ≡ log ρ,m ≡
logMDH, α) obeys a centred21 joint Gaussian statistics:
PDF(sSFR, δ,m, α)=
1√
det(C0)
exp
(
−1
2
XT ·C0−1 ·X
)
,
where C0 is the matrix of the covariance of the four fields, which
we will also assume for now to be position independent (but see
below). Note the change of variable to m and δ which are likely to
behave more like Gaussian variables than MDM and ρ.
Applying Bayes’ theorem, we can compute the conditional
PDF(sSFR|δ,m, α) = PDF(sSFR, δ,m, α)/PDF(δ,m, α),
where PDF(δ,m, α) is the marginal (after integration over
sSFR). From this conditional PDF the expectation sSFR(r) ≡
〈sSFR|δ,m, α, r〉 subject to the constraint of the three fields
δ(r),m(r) and α(r) reads
sSFR(r) =
(〈sSFR δ〉, 〈sSFRm〉, 〈sSFRα〉) (G1)
·
 〈δ2〉 〈δm〉 〈δα〉〈δm〉 〈m2〉 〈αm〉
〈δα〉 〈αm〉 〈α2〉
−1·
 δ(r)m(r)
α(r)
 ≡∑
i>1
βiXi,
so that the conditional sSFR(r) is simply a linear combination of
the three Xi maps, δ(r), m(r) and α(r) (with coefficients βi in-
volving the covariances)22. Let us now take the statistical expecta-
tion of this equation at a given pixel. Subtracting the contribution
of 〈δ(r)〉 and 〈m(r)〉 from the measured 〈sSFR(r)〉 (while using a
linear fit to the simulation to estimate the βi since we do not know
a priori what the covariances involving α might be23) and focus-
ing on residuals provides a position-dependent estimate of the field
〈α(r)〉. If its amplitude is statistically significant, its geometry may
tell us if it is consistent with the nature of the mediating physical
process, as discussed in the main text.
If we relaxed the assumption of Gaussian statistics, the condi-
tionals derived from an Gram-Charlier expansion of the joint PDF
(Gay et al. 2012) would lead (to leading order in non Gaussianity)
to the mapping
sSFR(r) =
∑
i>1
βiXi +
∑
i,j>1
βijXiXj + · · · (G2)
where βi (resp. βij) are functions of the second resp. second and
third order cumulants of the fields (such as 〈δ2α〉 etc). Once again
we could subtract the (up to quadratic) fitted contribution of 〈δ(r)〉
and 〈m(r)〉 from the measured 〈sSFR(r)〉 so as to fit the manifold
of the X samples. Unfortunately, in this non-linear regime, the ex-
pectations would not compute any more, 〈XiXj〉 6= 〈Xi〉〈Xj〉 and
the residuals will also involve terms such as 〈δα〉, 〈mα〉 or 〈α2〉.
In practice though, the extracted relationships expressed in
terms of δ = log ρ and m = logMDH do in fact look fairly linear,
see e.g. the top panels of Figure 16, which favours the assumption
of Gaussianity, as was assumed in the main text. We also checked
that relationships such as (G1) did not significantly vary with po-
sition within the saddle frame (by marginalising over sub regions
within the frame). Finally we used the median to extract the βi co-
efficients, as it is a more robust estimator.
21 the PDF is assumed to be centred on the mean value of the field averaged
over the whole map
22 This relationship could have also been obtained by principal component
analysis in the extended X space: it would have led to the same sets of
covariances as linear coefficients.
23 Note that for an explicit choice of α we could have extracted the co-
variances entering equation (G1) from the simulation and estimated the βi
accordingly.
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Figure F1. Left and middle panels: Velocity vector of galaxies in the frame of the saddle for masses in the range 109 to 1012M at redshift zero, in the
longitudinal plane of the saddle, with the upward direction defined to be towards the node of highest density (left), and without imposing any condition on the
direction of the filament at the saddle (middle). The arrows represent the unitary velocity vector in the y − z plane, colour-coded by the cosine of the angle
between this vector and the z−axis. Note that as the modulus of the velocity near the saddle point is low, the direction of the velocity vector is not very well
constrained there. Note also that the structure of the velocity field in the saddle frame is intrinsically complex due to the relative velocity of a saddle w.r.t. the
nodes. The grey contours represent the galaxy number counts. Right panel: Probability distribution function of the velocity field of galaxies within the cosmic
web as a function of its modulus v, and the cosine of its angle δ with the closest filament. The excess of galaxies with cos δ close to unity shows that the bulk
of the population appears to be flowing along the filaments in the direction of nodes, i.e. the high density regions.
As a word of caution, it should nevertheless be stressed that
since we are aiming to extract a secondary effect (beyond mass and
density), the impact of departure from our assumptions may prove
to be of the same order as the sought signal. Eventually, larger sta-
tistical samples may allow us to statistically disentangle more ro-
bustly the various processes. Note finally that carrying out the anal-
ysis at fixed stellar mass allows us to avoid the bimodality of some
physical parameters which would clearly have broken the assump-
tion of joint Gaussian statistics.
G2 Mediation of multiple causes
An alternative strategy to address the fact that more than one vari-
able impact V/σ (and/or sSFR, age etc.) is to sample over narrow
bins of stellar and dark halo mass, local density and position r
within the frame of the cosmic web, and estimate the full joint PDF.
This is challenging for a sample of only 105 galaxies, hence can
only be applied to relatively large bins in practice. We attempted to
disentangle halo mass, density and tidal effects by computing the
residuals of V/σ (and/or sSFR, age) from median halo mass map-
ping in a given stellar mass and density bin. We found comparable
residuals to those shown in Figure 16. However, given the size of
the bins we use, we cannot draw any definitive conclusions here.
Simulations with more statistics should be able to address this dif-
ficult point in the future.
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